We present a hadronic model of activity for Galactic γ-ray-loud binaries, in which the multiTeV neutrino flux from the source can be much higher and/or harder than the detected TeV γ-ray flux. This is related to the fact that most neutrinos are produced in pp interactions close to the bright massive star, in a region optically thick for the TeV γ-rays. Considering the specific example of LS I +61
I. INTRODUCTION
The recently discovered "γ-ray-loud" binaries (GRLB) form a new sub-class of Galactic binary star systems which emit GeV-TeV γ-rays [1, 2, 3, 4, 5] . These are high mass X-ray binaries (HMXRB) composed of a compact object (a black hole or a neutron star) orbiting a massive star. The detection of γ-rays with energies up to 10 TeV from these systems shows that certain HMXRBs host powerful particle accelerators producing electrons and/or protons with energies above 10 TeV.
At the moment it is not clear which physical process leads to the very high energy (VHE) particle acceleration and whether the VHE particle acceleration is a generic feature of the HMXRBs or the result of specific physical conditions in a restricted HMXRB sub-class. It is possible that particle acceleration is taking place in a large number of X-ray binaries, but the γ-rays can be detected only from the objects with preferred orientations w.r.t. the line of sight (e.g. with jets pointing toward the observer) [6] . Alternatively, it may be that the conventional accretion-powered binaries are not capable of accelerating particles and that the γ-ray activity of a binary is powered by a different mechanism (see e.g. [7, 8] ).
The theoretical models of γ-ray activity of HMXRBs [7, 8, 9, 10, 11, 12, 13, 14, 15] all assume γ-ray emission from the interaction of a relativistic outflow from the compact object (jet from a black hole, or wide angle wind from a pulsar) with the wind and radiation emitted by the companion massive star. The basic properties of the outflows, such as the composition (e + e − pairs or electronnuclei plasma), anisotropy (a collimated jet or a wide angle outflow) etc. are as yet poorly constrained by the data.
In one of the three persistent (periodic) γ-ray-loud binaries, PSR B1259-63, the relativistic outflow is known to be produced by a young pulsar. In principle, a similar mechanism could power the activity of other sources (except for Cyg X-1), although direct proof of the presence of the young pulsar in these systems is not possible: the radio emission from the compact object is free-free absorbed. Recent puzzling detection of a short soft γ-ray flare from one of the γ-ray-loud binaries, LSI +61 303 [16] , may indicate the presence of a neutron star in the system. The outflows from LSI +61 303 and LS 5039, extending to the distances ∼ 10 14 cm (far beyond the binary orbit) are revealed by the radio observations [17, 18] . The nature of the outflows (a collimated jet or a wideangle outflow) is still debated.
With the exception of Cyg X-1, all the known GRLBs have similar spectral energy distributions (SED), peaking in the MeV-GeV energy band. The physical mechanism producing the MeV-GeV bump in the spectra is, however, not clear. The γ-ray emission from GRLBs is supposed to come from internal and/or external shocks formed in the relativistic outflow either as a result of the development of intrinsic instabilities or through interactions with the stellar wind of the massive star. The MeV-GeV emission can be the synchrotron emission from electrons with energies much above TeV [8, 9] , produced locally at the shock, or else, be produced via inverse Compton scattering of the UV thermal emission from the massive star by electrons of the energies E ∼ 10 MeV [7, 14, 15] .
The available multi-wavelength data do not constrain the composition of the relativistic wind from the compact object. On the one hand, the multi-TeV or 10 MeV electrons, responsible for the production of the MeV-GeV bump in the SED, could be injected into the shock region from the e + e − pairs loaded wind. On the other, these electrons could be secondary particles produced in e.g. proton-proton collisions, if the relativistic wind is proton-loaded. The only direct way to test if relativistic protons are present in the γ-ray emission region would be the detection of multi-TeV neutrinos.
The possibility of detection of neutrinos from GRLBs by a km 3 -class neutrino telescopes was considered in several references [19, 20, 21, 22, 23, 24] . If the sources are assumed to be transparent to the TeV γ-rays, the estimation of the neutrino flux is straightworward, given a known source γ-ray flux and spectrum. The assumption of source transparency was adopted e.g. in the estimates of the number of detected neutrinos as in Ref. [23] . How-ever, the TeV γ-ray flux from the GRLBs can be significantly attenuated by the pair production on the UV photon field of the massive star [10, 11] . In addition, if the γ-rays and neutrinos are produced close to the compact object, the γ-ray flux can be further suppressed by pair production on the soft photons emitted by the accretion flow [20] . The derivation of the estimate of the neutrino flux and spectral characteristics based on the observed TeV γ-ray emission is inconclusive due to the uncertain attenuation of the γ-ray flux in the TeV band (see [22] for s specific discussion of LS I +61
• 303). In the absence of a direct relation between the characteristics of the observed TeV γ-ray and the neutrino emission from a GRLB, the only way to constrain possible neutrino signals from the source is via the detailed modelling of the broad-band spectrum of the source within the hadronic model of activity. The idea is that the pp interactions, which result in the production of neutrinos, also result in the production of e + e − pairs and the subsequent release of their energy via synchrotron, inverse Compton and Bremsstrahlung emission. The electromagnetic emission from the secondary e + e − pairs is readily detectable. The total power released in the pp interactions determines the overall luminosity of the emission from the secondary pairs. The known electromagnetic luminosity and broad-band spectral characteristics of the source can be used to constrain the power released in pp interactions as well as the spectrum of the primary high energy protons.
In the following we develop the hadronic model of activity of GRLBs and derive the constraints on the spectrum and overall luminosity of neutrino emission from the analysis of the broad-band spectral characteristics of GRLBs. Although the following discussion is generically applicable for the GRLBs as a class, we concentrate on the particular example of the LS I +61
• 303 system, because it is the only known persistent GRLB in the Northern hemisphere, available for observations with the ICECUBE neutrino telescope [36] . The existing observational data are found to be consistent with a possible very strong neutrino emission from LS I +61
• 303 (with a flux at the level of 10 −10 erg/cm 2 s), close to the best reported AMANDA upper limit, Φ(1.6 TeV < E ν < 2.5 PeV) ≤ 1.26 × 10 −10 cm [38] combining more data reported a slightly degraded upper limit for LS I +61
• 303 over approximately the same range of energy, while the sensitivity had been improved by roughly a factor two; this however translates a non significant but large background fluctuation at the LS I +61
• 303 source location). Moreover, the assumption of an almost arbitrarily hard neutrino spectrum (e.g. a powerlaw dN ν /dE ∼ E −Γν with index Γ ν ∼ 0) is not ruled out by the available multi-wavelength observational data. This means that, in principle, the soure could be readily detectable with ICECUBE.
The plan of the paper is as follows: In section II we describe the general features of the hadronic model of activity of GRLBs. In particular, we stress that when the massive companion star is a Be type star, the presence of a dense equatorial decretion disk around the massive star can boost the pp interaction rate. At the same time, the γ-ray emission from the pp interactions in the disk would be strongly suppressed, because of the large density of the soft photon background in the direct vicinity of the star. In section III we perform the detailed numerical modeling of the broad-band spectra of GRLBs in the hadronic model and show, on the particular example of LS I +61
• 303, that the model provides a suitable explanation of the typical shape of the GRLB SEDs. Satisfactory fits to the observed SEDs can be achieved under quite arbitrary assumptions about the shape of the initial high energy proton spectrum. In particular, the initial spectra as different as an E −2 power law with a high energy cut-off and a monochromatic proton spectrum peaked at ∼PeV energy could both explain the observed X-ray-to-γ-ray spectrum of the source. Finally, in section IV we work out the predictions for the detection of neutrinos from LS I +61
• 303 with ICECUBE. We show that in an optimistic scenario, when the anisotropy of the neutrino emission of the source does not result in a suppression of the neutrino flux in the direction of the Earth, LS I +61
• 303 should be detectable within a year of exposure. Nevertheless, the spectral characteristics of the emission can only be marginally delineated after three years of exposure, given the wash out of the original neutrino spectrum from the measurement of the muon spectrum.
II. HADRONIC MODEL OF γ-RAY ACTIVITY

A. Origin of high energy protons
In the hadronic model, the primary source of the system's high energy activity are high energy protons. The presence of the high energy protons in relativistic outflows from compact objects (stellar mass and supermassive black holes, neutron stars) is usually difficult to detect, because of their very low energy loss rates. For example, in the case of relativistic winds ejected by young pulsars, it is possible that most of the wind power is carried by the high energy protons or ions, but the presence of protons/ions in the wind can be established only indirectly, because most of the radiation detected from a nebula powered by the pulsar wind is emitted by electrons accelerated at the shock whose properties are determined by the parameters of the proton/ion component of the pulsar wind [25] . γ-ray emission initiated by interactions of the pulsar wind protons with the ambient medium can be detected only if the density of the medium is high enough [26, 27] .
GRLBs provide a unique opportunity to "trace" the presence of protons/ions in the relativistic outflows generated by compact objects. The dense matter and radiation environment created by the companion massive star provides abundant target material for the protons in the relativistic outflow. Interactions of high energy protons with the ambient matter and radiation fields, created by the presence of a bright massive companion star, lead to the production and subsequent decays of pions. This results in the emission of neutrinos and γ-rays from the source and to the deposition of e + e − pairs throughout the proton interaction region. Radiative cooling of the secondary e + e − pairs leads to the broad-band synchrotron and inverse Compton emission from the source.
If the primary high energy protons are produced close to the compact object, the maximal energies of particles accelerated in the region of the size R c in magnetic field B c , can be estimated as
The parameter κ ≤ 1 characterizes the acceleration process efficiency. For example, in the case when the compact object is a rotation-powered neutron star, B ∼ 10
, with R c , Ω c , P c being respectively the neutron star radius, angular velocity and rotation period. Depending on the particular acceleration mechanism, the proton energy spectrum below this maximal energy can range from the conventional power law shape with spectral index close to Γ p ≃ 2 (acceleration in non-relativistic shocks), to almost monochromatic spectra (if the acceleration proceeds in large scale electric fields in the magnetic reconnection regions of accretion flow, or in the vacuum gaps in black hole or pulsar magnetosphere).
Otherwise, protons can be accelerated via shock acceleration in an extended region of the size R ext with magnetic field B ext in a jet or in a shocked relativistic wind emitted by the compact object. In this case one expects a conventional E −2 type spectrum with a cut-off at the energy at which the Larmor radius of the high energy particles becomes comparable to the size of the system
B. Interactions of high energy protons
Efficient interaction of high energy protons with the radiation field produced by the bright massive star in the system (e.g. a Be star with temperature T * ∼ 3 × 10 4 K in the case of LS I +61
• 303 and PSR B1259-63) occurs
16 [ǫ * /10 eV] eV, where ǫ * ≃ 3kT * is the typical photon energy of the stellar radiation. In contrast, high energy protons efficiently interact with the protons from the dense stellar wind already at much lower energies.
In the case of massive stars of type Be, the pp interaction rate can be highly enhanced if the high energy protons are able to penetrate the dense equatorial disk known to surround them. An obstacle for the penetration of the high energy protons accelerated e.g. close to the compact object into the disk could be the presence of magnetic fields, which would deviate the proton trajectories away from the disk. However, the Larmor radius of the highest energy protons,
cm, could be comparable to the size of the system. Thus, if the magnetic field in the region of contact between the stellar wind and the relativistic outflow is not larger than several Gauss, the highest energy protons can freely penetrate the dense stellar wind region. Note that the same effect may also result in the production of very hard injection spectra of the high energy protons in the pp interaction region (penetration of the lower energy protons into the dense stellar wind suppressed by the magnetic fields).
The estimation of the pp interaction rate in the disk is straighforward, provided a known disk density profile. For example, in the case of the Be star in the LS I +61
• 303 system, the density profile of the equatorial disc has been measured, using the IR free-free and freebound radiation (see e.g. Refs. Waters et al. [28] , Martí & Paredes [29] ). Assuming a disc half-opening angle of θ 0 ∼ 15
• and a stellar radius of R * = 10R ⊙ , the disk density profile can be modelled as a power law of the distance D
where n d,0 ∼ 10 13 cm −3 and γ ≃ 3. Given σ pp ≃ 10 −25 cm 2 , the pp interaction crosssection at E p ∼ 10 15 eV, one finds the characteristic time of pp interactions in the disk
To estimate the efficiency of the pp interactions, the pp interaction time should be compared to the escape time from the system. Since the details of the escape regime are not known, one can only compare (3) with possible relevant time scales. The shortest possible time scale is set up by the light-crossing time of the system,
This time scale is relevant e.g. if the Larmor radius of the high energy protons is comparable to the size of the disk, so that these protons cannot be trapped in the disk interior. If the high energy protons escape on this shortest time scale, the pp interactions can only be efficient in the direct vicinity of the Be star, at D ∼ 10 12 cm. The escape of the high energy particles can be slowed down in the presence of a sufficiently strong tangled magnetic field B. In this case, the characteristic escape time is given by the diffusion time which is, in the Bohm diffusion approximation Even if the high energy particles are trapped by the tangled magnetic fields in the stellar wind, they do not stay in the innermost dense stellar wind region for a long time: the high energy particles escape together with the stellar wind of velocity v w , so that the escape time is limited from above by
In the equatorial disk of a Be star, the initial wind velocity close to the surface of the star is believed to be slow with v w ∼ 1 − 20 km/s close to the surface of the star [28, 29, 30] . The polar component of the wind is faster and less dense than the equatorial one. Both equatorial and polar winds accelerate with distance, reaching asymptotically the velocity v ∞ ≃ (1-2) × 10 3 km s −1 . Comparing (6) with (3) one finds that the pp interactions in the Be star disk can efficiently transfer the power contained in the high energy protons into neutrinos and γ-rays.
C. Broad-band emission from pp interactions pp interactions result in the production of pions, which subsequently decay onto γ-rays, neutrinos and electrons/positrons. The neutrinos freely escape from the source. The electrons/positrons suffer synchrotron and inverse Compton (IC) energy loss and, in this way release their energy through γ-ray emission.
If the Larmor radius of the highest energy protons is comparable to the size of the disk, most of the pions are produced by the protons propagating toward the companion star. In this case the neutrino and γ-ray emission from the pion decays is expected to be anisotropic, with most of the neutrino flux emitted toward the massive star, as it is shown in Fig. 1 . Conversely, the synchrotron and IC emission from the e + e − pairs is, most probably, isotropized at energies at which the radiative cooling time of electrons becomes longer than the period of gyration in the magnetic field. Differing anisotropy patterns for neutrino emission and for broad-band emission from the secondary e + e − pairs should, in principle, lead to significant differences in the expected orbital lightcurves of neutrino and electromagnetic emission from the source.
The IC cooling time of e + e − pairs is shortest at the boundary between the Thomson and Klein-Nishina limits for Compton scattering, 3kT ⋆ E ∼ (m e c 2 ) 2 , when E ≃ 30 GeV:
At the same time, the period of rotation around the Larmor circle is
The IC scattering on higher energy electrons proceeds in the Klein-Nishina regime. In this regime, ǫ ≃ E, and the electron energy loss time grows with energy just slightly slower than the Larmor radius [31] 
where the density of the blackbody photons has been diluted by the (D/R ⋆ ) 2 factor. This means that if the dominant mechanism of radiative cooling is the IC energy loss, the emission from the secondary e + e − pairs is isotropic.
The synchrotron cooling time,
can be much shorter than the period of rotation around the Larmor circle only at the highest energies
Taking into account that the synchrotron emission from electrons of energy E is emitted in the energy band
this emission is expected to be isotropic below several MeV.
Comparing the synchrotron and IC cooling times at energies E ≪ 30 GeV and E ≫ 30 GeV, one finds that the lower energy electrons predominantly dissipate their energy via inverse Compton in the energy band
while synchrotron radiation losses dominate for the highest energy electrons.
A significant contribution to the cooling of electrons and positrons in the densest part of the pp interaction region may arise from Bremsstrahlung emission, with cooling time t Brems ≃ 10 2 n d /10 13 cm −1 s, which compares to the synchrotron / IC cooling time of ∼TeV electrons.
D. Absorption of 10 GeV-TeV γ-rays
The flux of γ-rays from the pp interaction region is absorbed due to the pair production on the UV photon background in the vicinity of the Be star. Maximal optical depth with respect to the pair production is achieved at energies
TeV, where the pair production cross section reaches its maximum σ γγ ≃ 1.5 × 10 −25 cm 2 . The density of photons close to the surface of the Be star is n ph ≃ 5 × 10
, thus an estimate for the optical depth for γ-rays of this energy is given by
assuming the radius of the star R * ≃ 5 × 10 11 cm. At higher γ-ray energies, E γ T * ≫ (m e c 2 ) 2 , the pair production cross-section and the optical depth decrease as E −1 lnE. The attenuation of the γ-ray flux due to the pair production becomes small only at energies above ∼ 10 TeV. Below this energy, the spectrum of the γ-ray emission can be significantly different from that of the neutrino emission, so that no solid prediction for the neutrino flux can be derived based on the observed γ-ray flux and spectrum in the TeV band.
The power of the absorbed γ-rays is re-distributed to the secondary e + e − pairs, which subsequently loose their energy through synchrotron and inverse Compton emission. Depending on the magnetic field strength in the pair production region, the bulk of the electromagnetic emission from the secondary pairs with energies ranging approximately between 10 GeV and 10 TeV can be either re-emitted back in the GeV-TeV energy band, if the inverse Compton loss dominates, or in the X-ray band, in case the synchrotron losses dominate (see Eqs. (11), (12)).
III. NUMERICAL MODELLING OF THE BROAD-BAND SPECTRUM
In order to demonstrate the possibility of dramatically different spectra of neutrino and γ-ray emission from the system in the TeV energy band, we have modeled the emission from pp interactions, assuming different proton injection spectra. Our numerical code follows the evolution of the secondary particle spectra produced by the interaction of the high energy protons with the stellar wind protons in the course of their escape from the system. The equatorial wind of the massive star is supposed to have the radial density profile described by Eq. (2). We assume that the high energy protons are initially injected at a distance D min ≃ 1.2R * and then escape together with the secondary particles produced in pp interactions toward larger distances. We explore the different options for the escape regime, as described in Section II.
One possibility occurs when the high energy protons are traversing the pp interaction region without being trapped by the magnetic fields, the escape velocity is comparable to the speed of light. A similar "fast escape" situation is present when the magnetic field in the contact region between the stellar wind and the relativistic outflow is ordered (the situation present e.g. in the scenario of interaction of relativistic pulsar wind with the Be stellar wind). To model this "fast escape" regime, we assume that the primary high energy protons and the secondary e + e − pairs move toward larger distances with speed v esc ∼ c.
Another possibility is that the high energy protons, which penetrate into the stellar wind, and/or the secondary e + e − pairs, deposited throughout the stellar wind in result of pp interactions, are trapped by the tangled magnetic field in the stellar wind. In this case they would escape with velocity v esc ∼ v w (D) approximately equal to the stellar wind velocity. The slow down of escape mostly affects the low energy parts of the electron spectra, at energies at which the radiative cooling time is comparable or larger than the escape time from the system.
We calculate the production spectra of neutrinos, γ-rays and e + e − pairs using the approximations given in the Ref. [32] . The synchrotron, IC and Bremsstrahlung emission from the secondary e + e − pairs, as well as the evolution of the spectra of the pairs due to the radiative cooling effects is modeled in a standard way [31] , via a solution of the kinetic equations with the derivative over the distance v esc ∂/∂D substituted for the time derivative ∂/∂t.
To model the synchrotron emission, we assume a certain radial profile of the magnetic field, B = B 0 (D/R * ) −αB with α B = 1. The parameters B 0 and α B , used for numerical calculations shown in Figs. 2, 3 and 4 is B 0 = 5 G, while for the calculation of Fig. 5 , B 0 = 0.5 G. Taking into account that the trajectories of the secondary e + e − pairs are isotropized by the magnetic fields and that we are interested in the orbit-averaged spectrum of the source, we take the angle-averaged crosssection of IC scattering for the calculation of the IC emission.
A. Broad-band spectrum of a γ-ray-loud binary in hadronic interaction model
The broad-band spectra of the three known persistent or periodic γ-ray loud binaries, LSI +61 303, LS 5039 and PSR B1259-63 have similar shape (which does not resemble the shape of typical accretion-powered X-ray binaries [33] ). The γ-ray-loud binaries spectral energy distribution are peaked in the MeV-GeV energy band. The observed X-ray and TeV emission apparently form the low and high energy tails of the MeV-GeV "bump" in the spectrum. Fig. 2 shows an example of LSI +61 303 SED.
Taking into account the possible anisotropy of the neutrino and neutral pion decay emission, we first show in Fig. 2 the broad-band isotropic emission spectrum from the secondary e + e − pairs. The primary proton injection spectrum is assumed to be hard, with Γ p ≃ 0, so that most of the protons have the energy close to the cutoff energy assumed to be E cut = 10 15 eV. As discussed above, such an almost monochromatic spectrum of protons injected into the stellar wind can be produced when the high energy protons originate from a "cold" relativistic wind with bulk Lorentz factor ∼ 10 6 or when only the highest energy protons have large enough Larmor radii to be able to penetrate deep into the stellar wind.
Within the hadronic model of activity, the SED MeVGeV bump can be ascribed to the synchrotron emission from the e + e − pairs produced in the pp and γγ interactions. One should note that if the primary proton injection spectrum is hard, the shape of the MeV-GeV synchrotron bump in the spectrum depends slightly on the details of the proton injection spectrum, because the shape of the e + e − pair spectrum (shown in the upper panel of Fig. 2) is determined by the radiative cooling effects, rather than by the details of the e + e − injection spectrum (shown by the dashed line in the upper panel of the Figure) . The hard e + e − pair spectrum below E ∼ 10 8 eV is explained by the dominance of the Coulomb loss in the densest innermost part of the stellar wind. The E −2 type spectrum between 10 8 eV and 10 10 eV is explained by the dominance of the synchrotron loss in this energy range. The hardening of the spectrum in the range 10 10 eV < E < 10 12 eV is explained by the dominance of the IC energy loss proceeding in the KleinNishina regime. Above 10 12 eV, the IC cooling becomes less efficient than the synchrotron cooling, which leads to the softening of the spectrum.
The electron energy at which the synchrotron loss takes over the Klein-Nishina energy loss can be estimated by comparing the synchrotron cooling time (9) to the inverse Compton cooling time (8):
(where B 0 is the magnetic field in the innermost part of the stellar wind and we assume the radial profile B ∼ D −1 ). The synchrotron emission by electrons of such energies is produced in the energy band above
resulting in a broad "bump" in the synchrotron spectrum above ǫ KN −S . The comparison of synchrotron, inverse Compton and Bremsstrahlung emission spectra from the "coolingshaped" electron spectrum to the LS I +61
• 303 multiwavelength data [14] , done in the lower panel of Fig. 2 , shows that the model in which all the e + e − pairs are initially injected at very high energies (above 100 TeV) provides a good fit to the broad-band spectrum of the source. To produce this figure, we have taken into account the attenuation of the spectrum of the γ-ray emission due to the γγ pair production in the photon field of the Be star, assuming that the γ-rays escape almost radially from the emission region. This corresponds to the situation of the compact object close to the inferior conjunction of the orbit, where the effects of the absorption of the γ-ray flux are minimized. Fig. 3 shows an opposite situation in which the γ-ray spectrum strongly absorbed in the energy band 0.1-1 TeV (long-dashed thick solid line) due to the pair production. This situation can occur when the emission comes from the densest innermost part of the stellar wind in the vicinity of the Be star. The real value of the average τ γγ cannot be estimated unless the details of the 3-dimensional geometry of the emission region and the relative orientations of the extended emission region, of the Be star and of the observer are known. Taking into account this uncertainty, we choose for τ γγ the minimal value which ensures the non violation of the flux upper bound at energies above ∼ (several) TeV from VERITAS observations of the source [34] . Fig. 3 also shows the γ-ray emission spectrum from neutral pion decays (blue thick solid line) and the neutrino spectrum (green thick solid line). The observation of the MeV-GeV band synchrotron emission from the secondary e + e − pairs enables to constrain of the possible neutrino emission as explained previously. Contrary to the emission from e + e − pairs, neutrino and π 0 decay emission is anisotropic. In principle, the anisotropy could lead to a boosting of the neutrino and π 0 decay components. However, if the orbital plane is not aligned with the line of sight, the neutrinos and γ-rays from π 0 decay should be emitted into a cone with rather wide opening angle, to be observable (the opening angle of the cone should be larger than the inclination angle of the binary orbit, see Fig. 1 ). This means that the flux is at most moderately enhanced by the anisotropy effect. At the same time, if the inclination of the orbit is larger than the opening angle of the neutrino and π 0 decay γ-ray emission cone, the flux in these emission components could be negligible.
Figs. 4 and 5 show the results of calculation of the broad-band emission spectrum from pp interactions obtained assuming softer spectra for the primary protons, with Γ p = 1 and Γ p = 2, but keeping the same cut-off energy, E cut = 10 15 eV. In these figures, we illustrate the effect of an additional uncertainty in the calculation of the broad-band spectrum of the source, related to the uncertainty of the cascade contribution to the observed source spectrum. The problem is that the shape of the electron spectrum below 10 TeV is modified by the in- jection of e + e − pairs via the process of absorption of the γ-rays on the UV photon background. In case the synchrotron radiation dominates the energy loss of the "tertiary" electrons, the synchrotron emission from the cascade e + e − pairs will further increases the height of the MeV-GeV synchrotron bump in the spectrum. In case inverse Compton dominates the energy loss of the cascade electrons, the tertiary pairs will emit mostly in the 1-10 GeV energy band. The overall flux of the cascade contribution is determined by the average optical depth of the extended source with respect to the pair production. The thick short dashed lines in Figs. 4 and 5 show the calculated modification of the broad-band spectrum of the source by the cascade.
IV. ESTIMATE OF THE NUMBER OF NEUTRINO EVENTS FOR ICECUBE
In the previous section we have shown that the hadronic model of activity of γ-ray-loud binaries could provide a good fit to the broad-band spectra of these sources. Within this model, the observed MeV-GeV bump in the spectral energy distribution is explained by the synchrotron emission from the secondary e + e − pairs produced either in pp interactions or in result of γγ pair production process.
A direct test of the hadronic model would be the detection of neutrino flux from the known γ-ray-loud binaries. In principle, the expected neutrino flux from a given source can be estimated from the known γ-ray flux. In the simplest case when the source is transparent to the γ-rays, the estimate is straightforward, because the normalization and spectrum of the γ-ray flux produced by the neutral pion decays in the source directly gives an estimate of the spectrum and normalization of the neutrino flux. However, modeling of the broad-band spectra of emission from γ-ray-loud binaries, described in the previous section, shows that this simple possibility, most probably, does not hold. First, the spectrum of γ-ray emission in the TeV band is affected by the γγ pair production, so that neither the overall flux, nor the spectral index of the γ-ray emission are related to the ones of the neutrino spectrum. Next, a sizable contribution to the spectrum of γ-ray emission in the TeV band can be given by the IC emission from the secondary e + e − pairs produced in pp interactions. This further modifies the flux and the spectrum of TeV γ-ray emission.
Thus, the information on the properties of the TeV γ-ray emission from a γ-ray-loud binary can not be used to estimate the neutrino flux from the source. Surprisingly, the source flux in the MeV-GeV, rather than TeV energy range can be used for the neutrino flux prediction. This possibility arises because within the hadronic model of activity, the MeV-GeV bump in the spectral energy distribution is produced by the emission from the secondary e + e − pairs from the pp interactions. Contrary to the TeV flux, the MeV-GeV flux from the γ-ray-loud binary is not affected by the pair production and can be used to estimate the total energy output from the pp interactions in the source. The only uncertainty of such an estimate is that the synchrotron emission from the secondary e + e − pairs in the MeV-GeV energy band is, most probably, isotropic, while the neutrino and π 0 decay γ-ray emissions are not. As explained in the previous section, the observed source flux in the MeV-GeV band gives, in fact, an upper limit on the possible neutrino flux from the source.
Although the total power of the neutrino emission can be estimated from the MeV-GeV luminosity of the γ-rayloud binary, the modelling of the broad-band emission spectrum of the source gives only mild constraints on the neutrino emission spectrum: acceptable models of the broad-band spectra can be found assuming initial proton injection spectra ranging from a E −2 power law to an almost monochromatic injection spectrum.
Below we estimate the maximal neutrino event rate in ICECUBE for a particular example of LSI +61 303, taking into account the uncertainty of the spectrum of neutrino emission from the source. In the most optimistic case scenario, when the neutrino flux is at the level of the observed MeV-GeV flux from the source, we also investigate the possibility to measure the parameters of the neutrino spectrum (and, therefore, of the primary proton spectrum), such as the spectral slope and/or the cut-off energy.
The rate of neutrino-induced muon events from a point source at declination δ with differential neutrino spec-
where A eff (E ν , δ) and A eff µ (E µ ) are respectively the neutrino and the muon effective areas of the detector. The neutrino effective area, often provided in papers in contrast to the muon effective area, folds the detector efficiency and the neutrino propagation effects. Therefore Eq. (16) is convenient for a direct calculation of the number of detected neutrino-induced muon events in a specified neutrino energy range.
However, the neutrino energy is not an experimental observable, contrary to the reconstructed muon energy. If we are interested in understanding whether the different neutrino spectra can be experimentally differentiated, i.e. we want to assess the spectral response of the detector for each model, we should use instead Eq. (17) . This cannot be done without further derivation of the muon effective area and knowledge of the details of the detector, namely the angular resolution (of the order of 1
• [43] for ICECUBE in its final 80 string configuration (IC80) and precisely accounted for in the following) and the energy resolution of the order σ log E ≈ 0.3 [46, 47] .
The differential neutrino induced muon spectrum at the detector, for a given source at location δ, dΦ µ (E µ , δ)/dE µ , is obtained after propagation of neutrinos up to the interaction point and further propagation of the muons to the detector. This can be sketched as follows:
is the muon energy at the interaction vertex, given by E µ0 (E ν ) = (1 − y CC (E ν ))E ν , where y CC (E ν ) is the mean interaction inelasticity, taken from [51] (calculations below will adopt a simplifying hypothesis, considering an average inelasticity). p det (E µ , E ν ) is the probability density for a muon produced with energy E µ0 (E ν ) to reach the detector with energy E µ . for a given distance between the interaction vertex and the detector, E µ is calculated from E µ0 (E ν ) by integrating the muon energy loss rate dE µ /dX = −(a + bE µ ), where the a, b are the energy independent standard rock coefficients from Ref. [54] and X is the grammage traversed by the muon on its way to the detector,
where
is the grammage function for a muon of initial energy E µ0 and final energy E µ and R µ (E µ0 ) ≡ X(0, E µ0 ) is its range. Finally, the function p σE (E µ , E rec µ ), which enters the final stage of calculation sketched in (18) characterizes the energy resolution of the detector and is discussed below.
The differential muon flux at the detector, which enters equ. (17) can be calculated via the propagation of the muon flux from the interaction vertex as
) is the neutrino interaction probability in the vicinity of the detector (potentially producing a muon within the reach of the detector) and p tr (E ν , δ) = exp (−N A σ(E ν )X(δ)) is the earth transmission probability of a neutrino arriving from declination δ (i.e. after crossing a grammage X(δ)). N A is the Avogadro number, σ CC and σ are respectively the charged current and the total muon neutrino cross sections, taken from [45] . The separability feature of the kernel p det (E µ , E ν ), together with the implicit assumption of the absence of muon propagation fluctuation allows us to analytically extract A eff µ by substituting Eq. (21) into (16), (17):
The neutrino effective area A eff ν (E ν ) without absorption is extracted from the neutrino effective area averaged over the whole northern hemisphere, A eff ν (E ν , δ) δ from [43] , using the relation
The transmission probability p tr (E ν , δ) which appears in the denominator (numerically computed using the Preliminary Earth Model [44] ) strongly decreases with energy. Therefore, to estimate the neutrino effective area at the declination of LS I +61
• 303, the effect of earth absorption is accounted for according to
(24) It should be mentioned that A eff ν is approximately, at the modest energy considered here, the effective area at zero declination, assuming an isotropic detector response and analyses uniform down to the horizon (of course, analyses proceed non completely uniformly w.t.r. the declination to account for the difficult background rejection near the horizon. Nevertheless, lately, as can be seen e.g. in [37] , there is a remarkable uniformity of the sensitivity, down to very close to the horizon).
The effective areas are shown for IC22 (the ICECUBE 22 string configuration) and IC80, in Fig. 6 . In the lower panel, the ICECUBE muon effective area derived in [50] shows a remarkable agreement above ∼1 TeV, while the behavior at lower energy is rather different: our calculation exhibits a soft exponential decrease below ∼1 TeV contrasting to the sharp cutoff at ∼100 GeV. Considering the upper panel, we notice the fast decrease of the neutrino effective area at LSI+61 303 declination above ∼300 TeV. This is due to the fact that the neutrino trajectories towards ICECUBE are slightly passing through the high density earth core. This leads to a significant suppression of the neutrino flux above this energy (the observation of PSR B1259-63 and LS 5039 with the Km3Net [35] would not suffer this limitation and thus offer the possibility to probe spectral features up to the highest cutoff energies).
Using the analytical muon effective area (22), the diffuse atmospheric neutrino background rate and the point source signal event rate as a function of the chosen reconstructed muon threshold energy E thr can be calculated,
f b (ψ) = πψ 2 is the solid angle subtended within a radius ψ for the diffuse atmospheric neutrino background and f s (ψ, E ν ) is the fraction of signal events with energy E ν reconstructed within an angle ψ from the source:
, (27) where the point spread function (PSF) σ i,Ψ (E ν ) = σ 2 i,Ψµµ rec + Θ 2 νµ (E ν ) decomposes into two distinct PSF contributions: the energy-dependent neutrino to muon kinematics Θ νµ (E ν ) = 0.54
• / E ν /TeV and the muon reconstruction resolution σ i,Ψµµ rec . For our analysis we extracted the parameters σ i,Ψµµ rec and a i from a fit to the IC22 and IC80 PSF found in [43] (for IC80, we obtain: a • . E.g. at 10 TeV, 50% of the neutrinos coming from a specified source are reconstructed within 0.9
• for IC80). In the following, the results will be presented using the optimized ψ = 1.3
• for IC80. Above, in eqs 25 and 26, the energy argument for f s is set to E ν = E µ . This is a conservative statement because the muon energy is smaller than the neutrino energy, we have f s (ψ, E µ ) < f s (ψ, E ν (E µ )). The weight factor used to calculate the number of events above some reconstructed energy:
follows from an assumed gaussian energy resolution distribution function in ∆ log E, p σE (E rec µ , E µ ) = p σE (log E rec µ − log E µ ), with σ E = 0.3. In our calculations, the muon propagation was implemented through −(dE/dX) = a + bE, with the energyindependent parameters a and b for standard rock (adequate, given the source location and the proximity of ICECUBE to the bedrock), in order to derive the muon energy distribution at the detector [54] . Therefore, fluctuations of muon energy due to the stochastic nature of high energy muon energy losses which implies muon energy distributions, were not accounted for [49] . A more refined treatment, which requires numerical methods, proceed in integrating over the distance the probability F (E µ0 , E µ , l) [48, 50] for a muon generated at distance l with energy E µ0 to reach the detector with energy E µ . Our simplified treatment has nevertheless the advantage of transparently combining the latest published neutrino effective area with some phenomenological assumptions for the detector muon effective area, detector response, muon propagation and neutrino interaction, resulting in a simple analytical formula for the rates, thus avoiding more generic integro-differential forms.
We choose the angular-dependent parametrization from Volkova (prompt + conventional neutrino fluxes) for the atmospheric neutrino background model [41] . This corresponds to 7.7 detected muons when using the neutrino effective area and per year with IC80 in the 1.3
• circular bin at LS I +61
• 303 declination. Conversely, calculating this number with the analytical muon effective area 22 yields 8.8 detected muons. This 15% difference may come from the various simplifications and is probably dominated by the delta function differential cross section approximation (at low energies, the average range of the neutrino induced muons is larger). At LS I +61
• 303 declinations, the atmospheric neutrino zenith angle to be considered is θ = δ − arcsin (2 sin 2 δ − 1) = 29
The results, in terms of the atmospheric backgroundsubtracted muon spectra for the baseline neutrino flux models discussed in the previous sections, are presented in Fig. 7 . The exposure time is taken to be 3 years of running the full ICECUBE array. For comparison, we also show by the red solid thick line the 5σ level above the atmospheric background (extracted from binomial statistics, where the trial factor is the total expected number of atmospheric neutrino n(E) in a 2ψ width declination band reconstructed with energy > E and the probabiblity of success is p = πψ 2 /2π δ+ψ δ−ψ d cos θ in the declination band, n 5σ (E) = np + 5 np(1 − p). Note however that an unbinned calculation slightly lower the signal requirements [53] ). We calculate the number of muon events as a function of the energy threshold for the three neutrino spectra discussed in the previous section. The blue dotted line show the detected muon spectrum for the model with the proton injection spectrum with spectral index Γ p = 2, the solid black line corresponds to the proton injection spectrum with Γ p = 1 and cut-off at the same energy, while the magenta dashed line corresponds to Γ p = 0. In all three cases the cut-off energy is assumed to be E cut = 1 PeV.
One can see that the uncertainty of the proton injection spectra results in a factor of ∼ 2 uncertainty in predictions of the number of neutrinos detectable in ICECUBE. Assuming that the neutrino flux saturates the upper limit imposed by the observed γ-ray flux in the MeV-GeV energy band, one finds that the neutrino source should be detectable at 5σ level in the energy band 1 − 10 TeV in roughly one year, if the proton injection spectrum is not too hard.
Inspecting the muon spectra shown in the upper panel of Fig. 7 , one sees that softed proton injection spectrum results in a slight excess of muon events at lower energies. If the overall normalization of the neutrino flux were known, the measurement of the muon event spectrum would allow to constrain the spectrum of the primary protons in the source. However, taking into account the uncertainty of the overall normalization of neutrino flux introduced by the uncertainty of the anisotropy pattern of neutrino emission, one finds that the statistics of the signal will in the best case only allow for marginal estimate of the neutrino spectrum parameters. This is illustrated in the lower panel of Fig. 7 , where a comparison of the shapes of the muon spectra is shown. If one assumes the same total number of muon events, the difference in the spectra for the three models mostly remain within ∼ 1σ error bars over the entire energy range.
The neutrino effective area in the direction of LS I +61
• 303 peaks at the energy E ν ∼ 100 TeV (see Fig.  6 . Taking into account the typical inelasticity of pp interactions, one finds that neutrinos of this energy are injected by the primary protons with energies E p ∼ 1 PeV. This means that assuming the cut-off in the proton spectrum at the energy E cut ∼ 1 PeV, one maximizes the number of neutrino events detectable with ICECUBE. If the cut-off in the proton spectrum is much above 1 PeV, the neutrino signal will be lost because of the opacity of the Earth. Otherwise, if the cut-off in the proton spectrum is much below 1 PeV, the signal is lost because of the transparency of the detector for the neutrinos and because of the high atmospheric neutrino background. Thus, the typical numbers of neutrino-induced events in the ICECUBE, shown in Fig. 7 should be considered as the upper bound on the possible neutrino signal from LS I +61
• 303.
V. CONCLUSIONS
We have estimated the neutrino flux from GRLBs expected within the hadronic model of activity of these sources. Within such a model, the measured spectral characteristics of γ-ray emission from the source in the TeV energy band are not directly related to the spectral characteristics of the neutrino emission, because of absorption of the TeV γ-rays on the thermal photon background produced by the massive star in the system. The uncertainty of the calculation of the attenuation of the TeV γ-ray flux introduces a large uncertainty to the estimate of the neutrino flux based on the measured TeV γ-ray flux.
Taking this uncertainty into account, we have adopted a different approach for the estimate of the neutrino flux from a GRLB. Namely, we have noted that the energy output of proton-proton interactions, and hence the neutrino flux, can be constrained by the broad-band spectrum of the source. The idea is that the e + e − pairs, pro-
Background-subtracted cumulative muon spectra N (E µ,thr ), expected after the 3-year ICECUBE exposure for the three model neutrino spectra of LS I +61
• 303, discussed in the previous sections (error bars of signal muon spectra are the sum in quadrature of statistical errors of signal + atmospheric neutrino background). The blue dotted / black solid / magenta dashed line respectively show the spectra corresponding to proton injection spectra with spectral indices Γ = 2, Γ = 1 and Γ = 0. The red thick solid line shows the 5σ excess above the atmospheric neutrino background (the "discovery threshold").
duced in the decays of charged pions, release their energy in the form of the synchrotron, IC and Bremsstrahlung emission, which contributes to the observed broad-band SED of the source. The requirement that the power of electromagnetic emission from the secondary e + e − pairs in different energy bands is not higher than the observed source luminosity imposes a constraint on the neutrino luminosity of the GRLB.
We have worked out the numerical model of the broadband emission from a GRLB, assuming that pp interactions take place in the vicinity of the bright massive star, in the innermost and densest part of the stellar wind. We have shown that the interactions of high energy protons (with energies reaching ∼PeV) in the dense stellar wind can explain the observed broad-band emission, with the MeV-GeV "bump" of the SED being due to the synchrotron emission from the secondary e + e − pairs produced either in the decay of charged pions or resulting from the absorption of 10 GeV-TeV γ-rays on the thermal photons from the massive star (see Figs. 1-4) .
Although the observed bolometric luminosity of the source (i.e. the height of the MeV-GeV bump of the SED) constrains the overall neutrino luminosity, the shape of the neutrino spectrum and the overall normalization of the neutrino flux are only mildly constrained by the multi-wavelength data. The problem is that the properties of the broad-band emission from the secondary e + e − pairs are mostly determined by the effects of the radiative cooling and the escape of the pairs from the source, rather than by the initial injection spectrum of the pairs. This means that quite different injection spectra of the primary high energy protons (and hence of the neutrinos) can result in approximately the same broad-band SEDs, as is clear from Figs. 1-4 . In addition, the anisotropy pattern of neutrino emission is expected to differ from that of the synchrotron emission from the e + e − pairs. This results in an uncertainty of the anisotropy-related suppression of the neutrino flux compared to the MeVGeV synchrotron flux.
Taking into account these uncertainties of the neutrino emission spectrum, we have estimated the expected number of neutrinos which will be detected by ICECUBE, assuming that the neutrino flux saturates the upper bound imposed by the observed γ-ray flux in the MeV-GeV energy band. Considering the particular example of LS I +61
• 303, we have found that if the spectrum of high energy protons in the source extends to the PeV energies, the source would be readily detectable within roughly one year of exposure with ICECUBE.
We have also explored the potential of the full ICE-CUBE detector for the measurement of the spectral characteristics of the neutrino signal from LS I +61
• 303. We find that in the case when the neutrino flux is at the level of the upper bound imposed by the observed MeV-GeV γ-ray flux, an exposure time longer than 3 years will be required to reliably constrain the spectral index of the primary high energy proton spectrum via observations of neutrino signal in ICECUBE. The mere fact of a possible spectral characterization of neutrino sources within the lifetime of ICECUBE represents however a most exciting prospect for the future of mutimessenger astronomy with the possible emergence of a new field, the astrophysics of neutrinos.
